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There are periods in the Earth’s history when envi-
ronmental conditions and the climate sharply changed.
Some of such changes were accompanied by mass
extinction of living organisms and a decrease in the spe-
cies diversity. At present, there exist numerous hypoth-
eses and conflicting scenarios of terrestrial and extrater-
restrial events which led to such consequences. In par-
ticular, the most striking such episode belonging to the
Late Permian is related to eruption of volcanoes in
Siberia, the impact of a large asteroid, and climatic fluc-
tuations caused by a decrease in the ozone concentra-
tion in the atmosphere (see for instance, [1]). By the
ratio of isotopes in sedimentary rocks, there was
revealed a degradation of vegetation in that period,
which was accompanied by an appreciable decrease in
productivity of photosynthesis [2]. The photosynthesis









 concentrations in the atmosphere and oceans. Vol-




 in Siberia in the Late Permian





centration on the Earth. The change in the radiation
budget, the warmed-up climate of the Earth, and arid-
ization of some regions on the planet could cause mass
extinction of living organisms [1].
The mass extinction of living organisms on the
Earth at the boundary between the Permian and Triassic















0.3 Ma ago), i.e., in a
very short period of time in terms of geology. Died out
during this period were 90% of sea species, 60% of rep-
tile and amphibian families, 30% of insect varieties,
and most terrestrial plants [3]. The gradual and contin-
uous changes in the species diversity of living organ-
isms indicate that the mass extinction was caused by a
gradual effect rather than a geologically instantaneous
event spanning over several years or centuries. This
suggests that such global changes began due to terres-
trial causes, and later other, probably, extraterrestrial
factors came into play.
This work discusses a new possible cause of
changes in the state of the Earth’s system and mass
extinction of living organisms at the boundary between
the Permian and Triassic, which was related to an
increased emission of volatile phytotoxicological halo-
genated hydrocarbons (HHCs) from hypersalt lakes
and seas. The possibility for HHC to form actively in
water and bottom sediments of such water bodies was
revealed in recent years in the course of studying arid-
ization processes during climatic warming [4, 5].
NATURAL SOURCES OF HALOGENATED 
HYDROCARBONS
We have shown recently that high-volatile HHC,








































), key substances for
the chemistry of the atmosphere, are formed by vital
functions of microorganisms in natural hypersalt chlo-
ride lakes of the Caspian region and chloride–salt dry
lakes of South Africa [4, 5]. To assess emission of the




 area of a large
hypersalt chloride lake located in southeastern
Kalmykia, we applied the method described in [5].
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Glass test tubes (20 ml in volume, inner diameter
20 mm) were filled with wet reddish mineral–salt bot-
tom deposits of this salt lake (7.5 g) and 4M-aqueous
NaCl solution (2.5 ml). The area of the phase interface





. After keeping closed test tubes for




C with alternation of
daylight and darkness (12/12 h), the HHC concentra-
tion in the air inside the glass test-tube was determined
by the method of gas chromatography. The data
obtained were used for assessing the HHC annual emis-
sion under natural conditions. We have determined that





 surface of this salt lake into the atmosphere
makes up 9.5, 11.1, 10.8, and 0.55 t respectively (Table 1).
Hence, the experiments carried out confirmed conclu-
sions made in [5] that salt lakes represent intensive
sources of chemically active HHC.
At present, the Kara Bogaz Gol hypersalt bay occu-




 on the eastern coast of the
Caspian Sea represents an immense evaporating basin.
The bay is one of the saltiest water bodies in the world.
As is evident from calculations with the use of data of
the “in test-tube” experiment, HHC emission from the




) is to exceed
by 3000–4000 times the emission of these substances





(Table 1). The integral emission of HHC (except for MC)
from all the hypersalt lakes on the planet is thus seen to
exceed total industrial emissions and be comparable
with global emissions from all other sources [8].
Intense emission from the Caspian region is indi-
rectly confirmed by a high (for the whole territory of
Russia) trichloroacetic acid (TCA) concentration in




g per 1 kg of dry substance
that is 20 times greater than the background level). The
acid is formed under oxidation of HHC and, mainly,
TRI and PER [4, 9, 10].
In the Late Permian, conditions for HHC biogenic
production were the most favorable. In particular, in the
region of present-day Europe, the Zechstein inland
hypersalt shallow sea was formed, the surface area of




. The sea was located








 N in the center of the
Pangea continent, approximately where the Sahara is
situated at present. Due to the hot and dry continental
(arid) climate, water from this shallow sea rapidly evap-
orated and solar salt NaCl accumulated there at a rate of
up to 10 cm per year. Such processes are taking place at
present as well, for instance, in the Dead and Caspian
seas, as well as in the Persian Gulf.
The salt content in seawater in the Late Permian is
close to the present-day concentration (Table 2) [6].
The similarity of hydrochemical, hydrological, and cli-
matic conditions corresponding to the Zechstein paleo-
sea in the Permian and the Kara Bogaz Gol Bay in the
Holocene suggests that the activity of microorganisms
in these periods was also similar. Halophilic archebac-
teria were found in Permian–Triassic distinct salt
deposits [7]. Such archebacteria were also found in
present-day salt lakes, for instance, in the Dead Sea and
Great Salt Lake, as well as in sedimentary deposits in
all the continents. This allows for extrapolating the
high-volatile HHC production in present salt lakes to
the Permian Zechstein Sea. We obtain that emission of
such HHC as CHL, TRI, and PER would have made up
1–2 Mt/yr (Table 1). This is nearly an order of magni-
tude greater that emissions of present-day industry. As




 Calculated annual biogenic emission of halogenated hydrocarbons from the salt lake in Kalmykia, Kara Bogaz Gol,
and Zechstein paleosea compared to industrial and total (without regard for emission from salt lakes) natural and anthropo-
genic global emission in 1996 (Mt Cl/yr) [8]
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 Chemical composition of seawater in the Late Per-
mian, calculated by the Hardie method [6] based on mineral-
ogy of the Stassfurt salt zone (80.0–81.5 m) formed during
evaporation of the Zechstein paleosea. Concentrations of el-
ements (ppm) are reduced to Na concentrations in present-
day seawater






Ca 436 411 +6
Mg 1.081 1.293 –16
Na 10.762 10.762 0
K 429 399 +7.5
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comparable with global industrial emissions after
restrictions undertaken in 1995 in response to the Mon-
treal Protocol.
The activity of microorganisms in hypersalt lakes
varies depending on the season and environment (for
instance, temperature, solar radiation, humidity, and
nutrients). We assessed biogenic emission for some
average conditions. Under favorable conditions, emis-
sion is substantially higher. Permian giant salt deposits
comparable in abundance to deposits in the Zechstein
Sea occur amidst other deposits in present-day South
and North America (for instance, in the Delaware basin




) and other regions. It is likely
that HHC emission was nearly the same amount there
as in the Zechstein Sea.
When suggested that the volatile HHC lifetime in
the atmosphere in the Late Permian nearly corre-
sponded to current values, the HHC average concentra-
tion in surface air would thus be expected to make up




 for CHL, TRI,
PER, and MC respectively. Nearly the same high con-
centrations of HHC were observed in the late 1990s in
some industrial regions of Central Europe. It is there




g/kg) concentration of toxic
trichloroacetic acid (TCA) in plants was established
that resulted in degradation and extinction of forest
massifs [9]. It is apparent that high concentrations of
HHC—predecessors of TCA—promoted formation
and accumulation of this hazardous toxic substance in
plants in the center of the Pangea continent as well. The
condition necessary for TCA generation—the presence
of salt aerosols in the air, which assisted in transforma-
tion of neutral halogenated compounds into active
forms through heterogeneous interactions—was proba-
bly met [5].
High-volatile HHC also including highly toxic com-
pounds, such as dioxins and furans, were emitted into
the atmosphere not only from hypersalt lakes. High-
temperature chemical reactions running at chlorinated
coal combustion in volcanic processes, reactions
between chlorides of salt deposits and organic carbon,
which was formed during biomass combustion, and
emission from coal and petroliferous strata could be
additional sources of HHC [9].
At present, the contribution of all these sources into
the global budget of high-volatile HHC is not so large
as, in particular, is seen from Table 1. The only excep-
tion is chloroform, most of which is emitted from the
ocean and soil. It is likely that the relationship between
natural sources in the Late Permian was nearly the
same, and the contribution of biogenic emissions from
saltwater bodies dominated over all other kinds.
THE IMPACT OF HALOGENATED 
HYDROCARBONS ON THE ATMOSPHERE, 
VEGETATION, AND CLIMATE 
Some HHCs formed in hypersalt lakes are phytotox-
icological (for instance, CHL, TRI, PER, MC) and
decompose in the atmosphere and plant cells into sub-
stances exhibiting still more expressed phytotoxicolog-
ical properties: tri-, dichloroacetic acid, and phosgene
[9]. The impact of HHC and products of their oxidation
on different plants are discussed in [10, 11]. It is
pointed out in the works that a greater photooxidation
stress under arid conditions, which is caused by water
deficiency, could lead to an increase in the generation
rate for TCA and, finally, HCl [9]. In semideserts and
deserts, HHCs exhibit the highest phytotoxicological
potential and heavily affect the vegetation. Information
has recently been published about a 30% decrease in
plant viability and a sharp increase in moisture evapo-
ration by damaged plants, a decreasing biomass gener-
ation and stress endurance due to HHC impact, soil
salinity, and higher ultraviolet radiation [11, 12]. As
shown in [11], the processes are one of the main causes
of current desertification in South Africa and Central
Asia.
It may be suggested that the phytotoxicological
effect of HHC on plants comprising chlorophyll also
showed up in the Late Permian with its hot and arid cli-
mate not only near such a source as the Zechstein Sea
but at a great distance from it as well (up to several
thousands of kilometers) because of the distant transfer
of gas admixtures and aerosol.
After entering the atmosphere, highly volatile
HHCs may reach the stratosphere, where they initiate
photochemical processes causing destruction of the
ozone layer. MC represents the most active ozone-
destroying compound since it has the longest lifetime
(4.8 years) and a considerable part of it (about 10%)
reaches the stratosphere. Due to a shorter lifetime, only
0.4% of CHL emitted into the atmosphere is transferred
into the upper atmosphere. Still smaller values are char-
acteristic of TRI and PER as the most short-lived com-
pounds.
An increased emission of HHCs, especially MC and
CHL, in the Late Permian resulted in substantially
greater flow to the stratosphere compared to the present
time. It seems plausible as well that the hot and arid cli-
mate of the Pangea huge continent promoted a more
active convective transfer of HHC into upper layers of
the atmosphere. The position of main HHC sources





 N), i.e., a tropopause gap, through which
the air exchange does proceed between the troposphere
and stratosphere, could impart additional acceleration
to the vertical transfer. Under such conditions, short-
lived HHCs could have also made a substantial contri-
























Evidence of a sharp increase in ultraviolet radiation
flow on the green surface during mass extinction of liv-
ing organisms is presented in [13]. The explanation
suggested by some authors about ozone layer destruc-
tion under the effect of hydrogen sulfide, an increased
emission of which was caused by retardation of
exchange processes in the ocean, was not confirmed by
modeling carried out recently [14]. In our opinion, par-
tial destruction of the ozone layer 250 Ma ago could be
of the same nature as that in the early 1990s when an
increased concentration of halogenated compounds
was registered in the stratosphere. The compounds
were assumed to be of anthropogenic origin, but as
revealed nowadays, part of them could have been
caused by the life activity of halophilic bacteria in
water and bottom deposits of salt lakes and seas. A cor-
responding increase in short-wave ultraviolet radiation
in the Permian, which is described in [13], caused
severe damage to the Permian biosphere. In addition to
the direct effect of HHC on plants, the exhaustion of the
stratospheric ozone layer and an increase in the ultravi-
olet radiation level should be assessed as a secondary
impact of these factors on vegetation.
Aerobic living organisms are exposed to abiotic
stresses such as drought, heat, salinity, ultraviolet radi-




 and other chem-
ically active gases in the air. Such factors may increase





HCl was emitted into the atmosphere due to giant vol-
canic activity on the territory of present-day Siberia in
the Late Permian. Chloride–sulfate aerosols rising as
immense masses from the Zechstein dried hypersalt
sea, its lagoons, and waterlogged grounds could
increase HCC phytotoxicity. Long-range aerosol trans-
mission could have led to soil salinity on a vast territory
of the Pangea continent. Among other factors, the con-
sumption of salt by vegetation is known to result in an
osmotic potential shift that, in turn, causes water loss by
a plant, as well as nutrient deficiency. This scenario is
also probable for the Late Permian.
Active under these conditions is the system of direct
coupling and feedback: an increased concentration of
HHC in the atmosphere causes vegetation failure and
degradation that results in soil dehydration, salinity,









 in the air. Moreover,
HHCs destroy the ozone layer, which is accompanied
by an increase in the ultraviolet radiation level. These
combined effects lead to increasing salinity of the sur-
face water and, hence, a further growth in HHC emis-
sion. Thus, the drought effect on living organisms ini-
tially determined only by climatic conditions in the
Late Permian is sharply enhanced. Finally, these phe-
nomena would have resulted in substantial activation of
plants and living organisms extinction. Most likely,
halogenated hydrocarbons in the atmosphere are, to be
sure, not the only cause of the mass extinction but could
initiate the process due to long-term continuous emis-
sion from hypersalt lakes and vast salt deposits.
Generation of the Pangea huge continent, the
change in the climate, atmosphere, and vegetation sub-
stantially affected sea ecosystems as well. Water mix-
ing worsened because of violation of oceanic circula-
tion. Surface waters were enriched with methane and
hydrogen sulfide [14]. Simultaneously, a great amount
of humic and fulvic acids dissolved in water was
derived from the continent. Water coloring resulted in
an increase in light absorption and a decrease in phy-
toplankton photosynthesis. To compensate for the
decrease, phytoplankton rose to upper layers of the
water where it was exposed to the negative effect of
increased ultraviolet radiation. The unfavorable radia-
tion regime, increased hydrogen sulfide concentration,
and decreased oxygen content in the upper layers of
water reduced the amount of phytoplankton and vio-
lated the trophic chain. As a result, sea organisms
would have died and their species diversity would have
been reduced.
Evidently, such processes showed up differently in
the Late Permian on the territory of the Earth. As a con-
sequence, there exist great differences in the mass
extinction of terrestrial and sea organisms from region
to region. The geological, climatic, and natural changes
that took place at that time are covered in detail in the
scientific literature. We have demonstrated only that
volatile HHCs of biogenic origin could have played a
great part (and, probably, initiating) in these changes.
COMPARISON AND PROSPECTS
Climatic and paleotoxicological processes, which
were responsible for mass extinction about 250 Ma ago,
may also play a crucial role in the recent (sixth) large-
scale decrease in biodiversity caused by human activity.
The rate with which the current mass extinction comes
into play is 1000 times greater than that in the preindus-
trial epoch [15]. A global rise in the temperature and
more frequent droughts are leading to progressing
desertification and expansion (by the number and sur-
face area) of hypersalt lakes, salt bays, and saline bogs.
Moreover, a sea level rise will cause extension of old
and formation of new salt ecosystems as the result of
flooding of coastal territories and lowlands. In particu-
lar, this will lead to increasing emission of natural phy-
totoxicological HHCs in regions with semiarid and arid
climatic conditions. A great amount of salt aerosol will
be carried-over by winds from the surface of these dried
hypersalt ecosystems. At present, this can be illustrated
by the example of Central Asia where several hundreds
of thousands of tons of salt aerosol are removed from
the former bottom of the Aral dried sea, Kara Bogaz
Gol, and saline waterlogged lands of the Caspian Sea
coast and transferred over several thousand kilometers
every year. In combination with the high temperature,
intense solar radiation, and the increasing contribution
of anthropogenic admixtures, the area of arid zones in
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Central Asia is progressively growing. In this case, it is
well to bear in mind that present-day observations
cover the interval spanning several decades only. On
the other hand, processes relating to the Late Permian
span the range of one million years. In this regard, mod-
ern attainments do not yet allow definite conclusions as
to what extent the present-day natural and anthropo-
genic HHC emissions in combination with increasing
stress because of water deficiency may provoke or
facilitate the mass extinction of living organisms on the
Earth.
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